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Abstract—Current models of partial discharge (PD) behaviour
are focused on the reproduction of deterministic, experimental
data. This data is traditionally taken under strictly controlled
conditions and thus exhibits minimal noise. This contrasts field
PD measurements which exhibit high levels of stochasticity and
extreme sensitivity to on-site conditions. In this paper partial
discharge measurements are simulated from three-phase cable
experiments, which aim to imitate conditions found in the field.
The results show good agreement between experimental and sim-
ulated data, in terms of both phase resolved plots and non-linear
invariants. The numerous additions and improvements required
to describe PD behaviour in field equipment are discussed, and
will form the basis for future work.
Index Terms—three-phase cables; partial discharge
I. INTRODUCTION
Partial discharge (PD) measurements are commonly used
to quantify the health of electrical insulation in high voltage
plant, allowing electrical network operators to replace plant
before breakdown [1]. To further the physical understanding
of PD, numerous physical simulations of PD behaviour [2], [3]
and individual discharges [4] have been performed. Although
simulations show good agreement with experimental data,
little work has been done on modelling PD behaviour in field
conditions. Analysis of field data through non-linear measures,
pulse sequence analysis and phase resolved PD patterns have
shown significant differences between field and experimental
data [5]. These differences, combined with the uncertainty of
PD classification in field conditions, makes modelling field PD
data a complex task.
PD data from experiments on high voltage plant under field
conditions offer a middle ground between deterministic small
scale experiments and noisy on-site field measurements. A key
example of this are experiments on three-phase belted paper
insulated lead covered (PILC) cables under field conditions in
[6], [7]. PILC cable is widely used in the London underground
network, which is now reaching the end of its design lifetime
[7], making its study highly relevant. In this paper, experimen-
tal PD data from an artificially created spike defect in a PILC
cable joint will be modelled [7]. The spike is placed on phase
2 in the direction of phase 1 within the joint, to reproduce the
effects of poor solder finishing between conductors. To model
PD data a combination of the work from Niemeyer [2] and
Heitz [3] is used.
II. PARTIAL DISCHARGE MODEL
In this paper, discharges are assumed to occur within a
gaseous void at the tip of the spike and in the direction of the
spike from phase 2 to phase 1. The gaseous void is formed
through plasma reactions in the mineral oil. Specifics of defect
geometry are not considered, following the assumptions used
by Niemeyer [2]. PDs are initiated when there is a sufficient
electric field ~E > ~Einc and a seed electron [3]. ~E is separated
into local ~El and applied ~E0 components such that
~E = ~El + ~E0. (1)
Here ~El is the electric field from the deposited charge of pre-
vious PDs. ~E0 at the tip of the spike is calculated numerically
by solving a Laplace equation for the applied voltage V over
the joint geometry, which is assumed to be effectively two
dimensional. The boundary conditions for V are
V =


0 at joint boundary
V0 sin(ωt) at phase 1
V0 sin(ωt+ 2π/3) at phase 2 and spike
V0 sin(ωt+ 4π/3) at phase 3
(2)
where ω = pi/100, as the AC voltage supply is 50Hz, and
V0 = 11kV. ~E0 is then calculated using ~E0 = −~∇V . A plot
of the electric field magnitude is shown in Fig. 1.
Fig. 1. Electric field magnitude at t = 0 on PILC cable joint geometry with
spike on phase 2.
As PDs are assumed to occur in the direction of the spike
towards phase 1, the electric field only needs to be considered
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in this direction. This reduces (1) to a one dimensional
problem, and all electric fields are treated as scalar values.
It is assumed that immediately after a discharge the electric
field E drops to residual value ±Eres, with the sign dependent
on the polarity of E. As E0 is not effected by the discharge,
El undergoes a step change at discharges to
El = ±Eres − E0 (3)
where again the sign is dependent on the polarity of E.
In between discharges it is assumed that El undergoes an
exponential decay with time constant τ , due to the dispersal of
the space charge cloud through drift and attachment processes.
The electron generation rate, N˙e, is treated as a stochastic
process where at each time step ∆t the probability of a free
electron being available is N˙e∆t. This probability can then
be compared to a random number R, uniformly distributed
between 0 and 1. If the probability is larger than R, and the
electric field is sufficiently large, a discharge will occur [3]. In
the case of free electron generation from ionising radiation, N˙e
is considered to be constant. However, for this experiment it is
assumed that free electrons are generated through thermionic
emission through the spike. This means that PDs can only
occur in the negative half cycle of the phase 2 electric field.
It is assumed that surface emission scales exponentially with
the applied field [8], so
N˙e = c0 exp
∣∣∣∣
E
Einc
∣∣∣∣ (4)
where c0 is a constant with units of s
−1.
The final step is to relate the measurable induced charge q′
to the unmeasurable electric field drop ∆E due to the PD so
that comparisons between experimental and simulated data can
be made. By assuming the void is ellipsoidal, an approximate
equation for q′ is
q′ = −
4
3
πε0ab
2εrK∆E
∣∣∣~∇λ0
∣∣∣ (5)
where a and b are the major and minor axes of the ellipsoid
respectively, K is a polarisation function dependent on a/b,
λ0 is the solution of a Laplacian with λ0 = 1 at the measuring
electrode and zero at all other electrodes [2]. As the void size
cannot be measured it is assumed for simplicity that the void
is spherical, a = b, so K = 3. Random smoothing is also
introduced so that the recorded value of q′ is selected from a
Gaussian distribution with mean q′ and variance σq . All that
remains is to set the 7 free parameters to physically sensible
values, which are shown in Table 1.
III. RESULTS
Results from the simulation are compared to two experimen-
tal data sets. The choice of free parameters was the same when
modelling both data sets, the only difference is the number of
AC cycles modelled, set to be identical to the experiments. The
true value of the measured and simulated charge is negative,
but all plots show the absolute magnitude of the charge for
ease of comparison.
Table I
FREE PARAMETER VALUES
Parameter Value
Electric Field
Einc 2.4× 10
5Vm−1
Eres 0Vm
−1
τ 0.054s
Electron Generation c0 200s
−1
Induced Charge
a 3.2× 10−3m
εr 4
σq 0.03|q′|
A. Experiment 1
The number of PD counts per cycle are consistent between
experiment and simulation with 1.2 for the model and 1.1 for
the data. Good agreement is seen in ψ − q plots in Fig. 2.
(a)
(b)
Fig. 2. Experiment 1: ψ − q plots for (a) experiment and (b) simulation.
Discrepancies between experiment and simulation are seen
in Fig. 3(a), where the distributions of PD phase angle are
compared directly. The overall distribution of phase angle
is skewed more to the left in the experiment, with a larger
number of PDs at lower phase angles. The range of phase angle
is greater in the data, where the largest PD phase angle is 166◦,
compared to 154◦ in the simulation. The distribution of charge
is noisy, with no obvious differences between experiment and
simulation as shown in Fig. 3(b).
In addition to comparing simulation and experimental data
by the standard methods, non-linear invariants are computed to
gain additional insight. The two invariants calculated are Lem-
pel Ziv (LZ) complexity and the Generalised Hurst Exponent
(GHE), which quantify randomness and long term correlations
respectively [5]. These measurements are more appropriate for
investigating charge time series due to the periodicity of phase
angle. The measures show that long term correlations, in Fig.
4(a), and randomness, in Fig. 4(b), are similar for both data
sets.
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(a)
(b)
Fig. 3. Experiment 1: Distributions of (a) phase angle and (b) induced charge.
The solid line is experimental data and the dashed line is the simulation.
(a)
(b)
Fig. 4. Experiment 1: Non-linear invariant values for induced charge time
series in experiment; (a) GHE and (b) LZ complexity. The solid line is
experimental data and the dashed line is the simulation.
B. Experiment 2
The number of PD counts per cycle are consistent between
experiment and simulation, with 1.2 for the model and 1.1 for
the data. Good agreement is seen in ψ − q plots in Fig. 5.
As with the first experiment discrepancies between experi-
ment and simulation are seen in phase angle distributions in
Fig. 6(a). The overall distribution of phase angle is skewed
more to the left in the experiment, with a larger number of PDs
at lower phase angles. Again there is no significant differences
(a)
(b)
Fig. 5. Experiment 2: ψ − q plots for (a) experiment and (b) simulation.
between experimental and simulated charge, as shown in Fig.
6(b).
(a)
(b)
Fig. 6. Experiment 2: Distributions of (a) phase angle and (b) induced charge.
The solid line is experimental data and the dashed line is the simulation.
As with the previous experiment, the LZ complexity is close
between experiment and simulation, as shown in Fig. 7(b),
suggesting a similar level of randomness. The GHE (shown
in Fig. 7(a)) of the simulation is in close accordance with the
data, as with the previous experiment.
IV. DISCUSSION
The level of agreement between experiment and simula-
tion justifies the simplifications and assumptions made in
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(a)
(b)
Fig. 7. Experiment 2: Non-linear invariant values for induced charge time
series; (a) GHE and (b) LZ complexity. The solid line is experimental data
and the dashed line is the simulation.
the model. It is an encouraging result that a simple and
predominantly deterministic model with stochastic elements is
able to reproduce experimental data taken at field conditions.
A better agreement between simulation and experiment could
potentially be achieved with a better choice of free parameters,
but the purpose of this work was to show that agreement can
be obtained, not to perform excessive curve fitting. Despite this
success, the controlled conditions of the experiment allowed
assumptions in the simulation that cannot always be made for
field PD modelling.
One of the main issues with field PD data is the high
level of noise in both the background and the PD data itself.
This necessitates data manipulation before detailed analysis,
typically principle component analysis on wavelet decompo-
sitions of PD pulses, which have allowed the discrimination
of distinct PD sources in noisy field data [5]. Individual PD
sources can then be modelled in isolation, although it is likely
that interactions between PD sources in close proximity will
influence PD behaviour. This could lead to models extremely
sensitive to initial conditions, if this is found to be the case
it would reinforce the use of chaotic measures on field data
[5]. Furthermore, the fact that there was a single defect of
known type and scale allowed simplifications in modelling
the electric field and induced charge. It is likely that to model
on-site PD measurements, the rotating electric field will have
to be resolved in full, and cannot be treated as a lumped
parameter. Explicit modelling of space charge dynamics and
distributions within the defect geometry is also likely to be
required, instead of grouping the effects of space charge into a
local electric field. Due to limitations in computational power,
solving hydrodynamic equations for charges in streamers is
unfeasible, but space charge effects cannot be neglected.
The final area where major improvements can be made
to PD behaviour models is in the description of electron
detrapping. For discharges in voids, it is generally assumed
that free electrons for the discharge occur by detrapped elec-
trons, which were trapped in the void surface by previous
discharges [2], [8]. It is further assumed that the detrappable
electron population decays exponentially, and that nearly all
the electrons present in a discharge are trapped in the void
surface. There is limited justification for these assumptions,
and experiments have shown that the detrappable electron
population can be more accurately described by using two
classes of traps; shallow and deep [9].
V. CONCLUSION
In conclusion, a simple model of PD based on the work by
Niemeyer [2] and Heitz [3] has reproduced experimental PD
data taken from three-phase belted PILC cable under field con-
ditions. The results show reasonable agreement between exper-
iment and a simulation with physically appropriate parameters.
Despite this success, there is more work to be done before
on-site field modelling is achieved. This includes explicit
modelling of space charge, movement and reflection of PD
pulses from measurement electrodes and interaction between
distinct PD sources. General issues that affect PD behaviour
models include a dependence on unmeasurable parameters and
limited modelling of the discharge process. Improvements in
computational power and experimental techniques may bring
improvements in this area, allowing more accurate modelling
of complex PD behaviour.
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